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We examine several assignments of spin and parity for the pentaquark Θ+ state
(JP = 1/2±, 3/2±) in connection with phenomenology of known baryon reso-
nances, using a general framework based on the flavor symmetry. Assuming that
the Θ+ belongs to an antidecuplet representation which mixes with an octet, we
calculate the mass spectra of the flavor partners of the Θ+ based on the SU(3)
symmetry. The decay widths of the Θ+ and nucleon partners are analyzed for the
consistency check of the mixing angle obtained from the masses. It is found that
a suitable choice of the mixing angle successfully reproduces the observed masses
of exotics, when their spin and parity are assigned to be JP = 3/2−, together
with other nonexotic resonances of JP = 3/2−. The decay widths of Θ → KN ,
N(1520) → piN , and N(1700) → piN are also reproduced simultaneously. We
then evaluate two-meson couplings of Θ+, using experimental information of nu-
cleon partners decaying into pipiN channels, in which the two pions are in scalar-
and vector-type correlations. We examine two assignments of spin and parity
JP = 1/2+ and 3/2−, for which the experimental spectra of known resonances
with exotic baryons are properly reproduced by an octet-antidecuplet representa-
tion mixing scheme. Using the obtained coupling constants, total cross sections
of the reactions pi−p → K−Θ+ and K+p → pi+Θ+ are calculated. Substantial
interference of two terms may occur in the reaction processes for the JP = 1/2+
case, whereas the interference effect is rather small for the 3/2− case.
1 Introduction
In this article, we would like to discuss two topics; one is the representation
mixing scheme to study the properties of the exotic state with the flavor SU(3)
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symmetry1, and the other is the two-meson coupling of the Θ+ based on the
mixing scheme2. The former is reported in section 2 and the latter is discussed
in section 3.
In order to study the exotic particles, it is important to consider simul-
taneously other members with nonexotic flavors in the same SU(3) multiplet
which the exotic particles belong to. The identification of the flavor multiplet
provides the foundation of the model calculation, for instance, in order to
construct effective interaction Lagrangians, or to construct wave functions in
the constituent quark models. In addition, when we successfully determine
the flavor multiplet, the spin and parity JP of exotic states can be specified
by the identified non-exotic partners whose JP is known. Since the SU(3)
flavor symmetry with its breaking governs the relations among hadron masses
and interactions3, we naively expect that the exotic states also follows the
symmetry relations. In other words, the existence of exotic particles would
require the flavor partners, if the flavor SU(3) symmetry plays the same role
as in the ordinary three-quark baryons.
In this study, we assume that Θ(1540)4 and Ξ3/2(1860)
5 do exist at these
energies, despite the controversial situation of experiments. Although we use
these specific mass values, the symmetry relations we derive here are rather
general, and can be applied to other exotic states once they are assumed to
belong to the same SU(3) representations. Therefore, when any other exotic
particles (with the quantum number of Θ+ or Ξ3/2) are found experimentally
in future, we can immediately apply the present formulae to these states.
Concerning the representation that the Θ+ belongs to, there are several
conjectures in model calculations. In the chiral soliton models6, the Θ+ and
Ξ3/2 belong to the antidecuplet (10) representation with spin and parity J
P =
1/2+. An interesting proposal was made by Jaffe and Wilczek7 in a quark
model with diquark correlation. The model is based on the assumption of
the strong diquark correlation in hadrons and the representation mixing of
an octet (8) with an antidecuplet (10). The attractive diquark correlation in
the scalar-isoscalar channel leads to JP = 1/2+ for the Θ+. With the ideal
mixing of 8 and 10, in which states are classified by the number of strange
and anti-strange quarks, N(1710) and N(1440) resonances are well fit into
members of the multiplet together with the Θ+. However, it was pointed out
that mixing angles close to the ideal one encountered a problem in the decay
pattern of N(1710)→ πN and N(1440)→ πN . Rather, these decays implied
a small mixing angle8,9,10. This is intuitively understood by the discrepancy
between the broad decay width of N(1440) → πN and the narrow decay
widths of N(1710)→ πN and Θ→ KN11,8.
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At this stage, it is worth noting that the flavor SU(3) symmetry itself
does not constrain the spin and parity. Therefore, employing the 8-10 mixing
scenario which is the minimal scheme to include the Θ+ and Ξ−−, here we ex-
amine the possibilities to assign other quantum numbers, such as 1/2−, 3/2+,
3/2−, and search for proper nucleon partners of the exotic states among the
known resonances. Although the mass formulae were already given previously,
they are applied mainly to the JP = 1/2+ case in accordance with the Jaffe-
Wilczek model7, and sometimes to the JP = 1/2−. The spin 3/2 states are
rarely examined. This is natural because the lower spin states are expected
to be lighter. However, once again, the flavor symmetry is nothing to do with
the spin and parity by itself, therefore we investigate the JP = 3/2± states as
well. Indeed, we find a natural solution consistent with both the masses and
widths in the 3/2− case.
The present study is based on the flavor SU(3) symmetry, experimental
mass spectra and decay widths of the Θ+, the Ξ−− and known baryon res-
onances. Hence, the analysis is rather phenomenological, but does not rely
upon any specific models. For instance, we do not have to specify the quark
contents of the baryons. Although the exotic states require minimally five
quarks, nonexotic partners do not have to. Instead, we expect that the result-
ing properties such as masses and decay rates reflect information from which
we hope to learn internal structure of the baryons.
Now, a particularly interesting property that is expected to be character-
istic for exotic baryons is their strong coupling to two-meson states in tran-
sitions to an ordinary baryon, as studied in Refs. 12,13. Studying two-meson
couplings of the exotic baryon Θ+ is important for the following reasons.
First, a heptaquark model has been proposed in the early stage of the
study of the Θ+ to explain a light mass and a narrow decay width14,15,16,17,18.
Although a quantitative study—in particular with a model of hadrons where
Θ+ is regarded as a bound state of πKN system—does not make self-bound
system with the present knowledge of hadron interactions, a two-meson con-
tribution to the self-energy of Θ+ has been shown to be consistent with the
expected pattern of the masses of the antidecuplet members13.
Second, the importance of two-meson coupling has been implied from
an empirical observation of the generalized OZI rule19. The dominance
of connected quark lines favors creation of a qq¯ pair in the transition of
Θ+(qqqqq¯) → N(qqq), which is naturally associated with couplings to two
mesons. On the other hand, couplings to a single meson, which are called
as “fall apart” decay, should be suppressed, since the final states are not
connected by the quark line.
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Finally, two-meson couplings play important roles in reaction studies.
Without two-meson couplings, all the amplitudes for Θ+ production are pro-
portional to the Θ+KN coupling, which is fixed by the very small decay width
of the Θ+. However, two-meson couplings are determined from other sources
as we will see in the following, independently of the Θ+KN coupling. There-
fore, even with the extremely narrow width of Θ+, a sizable cross section can
be obtained with two-meson couplings.
In Ref. 13, an analysis of the two-meson coupling was performed in
the study of the self-energy of the Θ+, assuming that JP = 1/2+ with
N(1710) ≡ N∗ in the same antidecuplet (10). Since the Θ+ cannot decay
intoKπN channel, the coupling constants were determined from the N∗ decay
into the ππN channel and flavor SU(3) symmetry. Two types of Lagrangians
were found to be important for the self-energy of the baryon antidecuplet. It
was also shown that the two-meson contribution was indeed dominant over
a single-meson contribution. However, the assumption of pure 10 for Θ and
N∗ may not be the case in reality.
Now we can improve this point based on the study of the representation
mixing, where we find reasonable fits for JP = 1/2+ and 3/2−. Therefore,
here we would like to calculate the two-meson couplings including the repre-
sentation mixing. First we determine the coupling constants of N∗ → ππN
from the experimental widths and separate the 10 component from the 8 com-
ponent. Then, by using SU(3) symmetry, the coupling constants of ΘKπN
are determined for JP = 1/2+ and 3/2−, including representation mixing of 8
and 10. We focus on the decay channels in which the two pions are correlated
in scalar-isoscalar and vector-isovector channels, which are the main decay
modes of the resonances and play a dominant role in the Θ+ self-energy13.
As an application of the effective interaction of ΘKπN , we perform the
analysis of the π−p → K−Θ+ and K+p → π+Θ+ reactions. These reactions
were studied using effective Lagrangian approaches20,21,22,23. Experiments
for π−p → K−Θ+ have been performed at KEK24, and a high-resolution
experiment for the K+p → π+Θ+ reaction is ongoing. We can compare the
results with these experiments, which may help to determine the JP of the
Θ+.
2 Flavor multiplet of the Θ+
2.1 Analysis with pure antidecuplet
First we briefly discuss the case where the Θ+ belongs to pure 10 without
mixing with other representations. In this case, the masses of particles be-
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longing to the 10 can be determined by the Gell-Mann–Okubo (GMO) mass
formula
M(10;Y ) ≡ 〈10;Y |H|10;Y 〉 = M
10
− aY, (1)
where Y is the hypercharge of the state, andH denotes the mass matrix. Note
that at this point the spin and parity JP are not yet specified. The quantum
numbers will be assigned as explained below.
In Eq. (1), there are two parameters, M
10
and a, which are not deter-
mined by the flavor SU(3) symmetry. However, we can estimate the values
of these parameters by considering their physical meaning in some models.
For instance, in a constituent quark model, 10 can be minimally expressed
as four quarks and one antiquark. Therefore, M
10
should be at least larger
than the masses of three-quark baryons. In this picture, the mass difference
of Ξ(ssqqq) and Θ(qqqqs), namely 3a, is provided by the difference between
the constituent masses of the light (ud) and strange quarks, which is about
100-250 MeV13. On the other hand, in the chiral quark soliton model, 3a is
related to the pion nucleon sigma term25. In this picture 3a can take values
in the range of 300-400 MeV, due to the experimental uncertainty of the pion
nucleon sigma term ΣpiN =64-79 MeV
26,27. Note that in the chiral soliton
model, spin and parity are assigned as JP = 1/2+ for the antidecuplet.
Taking the above estimation into consideration, we test several parameter
sets fixed by the experimentally known masses of particles. The results are
summarized in Table 1. We use the mass of the Θ+ MΘ = 1540 MeV and
pick up a possible nucleon resonance. Assuming that the Θ+ and the nucleon
resonance are in the same SU(3) multiplet, the JP of the multiplet is deter-
mined by that of the nucleon partner. In the three cases of JP = 1/2+, 3/2±,
the exotic Ξ resonance is predicted to be higher than 2 GeV, and the in-
clusion of Ξ(1860) in the same multiplet seems to be difficult. Furthermore,
the Σ states around 1.8-1.9 GeV are not well assigned (either two-star for
JP = 1/2+, or not seen for JP = 3/2±). Therefore, fitting the masses in the
pure antidecuplet scheme seems to favor JP = 1/2−.
Next we study the decay widths of the N∗ resonances with the above
assignments. For the decay of a resonance R, we define the dimensionless
coupling constant gR by
ΓR ≡ g2RFI
p2l+1
M2lR
, (2)
where p is the relative three momentum of the decaying particles in the reso-
nance rest frame, l is the angular momentum of the decaying particles, ΓR and
MR are the decay width and the mass of the resonance R. FI is the isospin
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Table 1. Summary of subsection 2.1. Masses and Θ+ decay widths are shown for several
assignments of quantum numbers. For 1/2− the masses of Θ and Ξ3/2 are the input
parameters, while for 1/2+, 3/2±, the masses of Θ and N are the input parameters. Values
in parenthesis are the predictions, and we show the candidates to be assigned for the states.
All values are listed in units of MeV.
JP MΘ MN MΣ MΞ ΓΘ
1540 [1647] [1753] 1860
1/2− N(1650) Σ(1750) 156.1 +90.8−73.3
1540 1710 [1880] [2050]
1/2+ Σ(1880) Ξ(2030) 7.2 +15.3−4.6
1540 1720 [1900] [2080]
3/2+ - - 10.6 +7.0−5.0
1540 1700 [1860] [2020]
3/2− - Ξ(2030) 1.3 +1.2−0.9
factor (2 for Θ→ KN and 3 for N∗ → πN). Assuming flavor SU(3) symme-
try, a relation between the coupling constants of Θ → KN and N∗ → πN is
given by:
gΘKN =
√
6gN∗piN . (3)
With these formulae (2) and (3), we calculate the decay width of the Θ+
from that of N∗ → πN of the nucleon partner. Results are also shown in
Table 1. We quote the errors coming from experimental uncertainties in the
total decay widths and branching ratios, taken from the Particle Data Group
(PDG)28. It is easily seen that as the partial wave of the two-body final states
becomes higher, the decay width of the resonance becomes narrower, due to
the effect of the centrifugal barrier. Considering the experimental width of
the Θ+, the results of JP = 3/2−, 3/2+, 1/2+ are acceptable, but the result
of the JP = 1/2− case, which is of the order of hundred MeV, is unrealistic.
In summary, it seems difficult to assign the Θ+ in the pure antidecuplet
10 together with known resonances of JP = 1/2±, 3/2±, by analyzing the
mass and width simultaneously.
2.2 Analysis with octet-antidecuplet mixing
In this section we consider the representation mixing between 10 and 8. Here
we work under the assumption of minimal 8-10 mixing. The nucleon and
Σ states in the 8 will mix with the states in the 10 of the same quantum
numbers. Denoting the mixing angles of the N and the Σ as θN and θΣ, the
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physical states are represented as
|N1 〉 =|8, N 〉 cos θN − |10, N 〉 sin θN ,
|N2 〉 =|10, N 〉 cos θN + |8, N 〉 sin θN , (4)
|Σ1 〉 =|8,Σ 〉 cos θΣ − |10,Σ 〉 sin θΣ,
|Σ2 〉 =|10,Σ 〉 cos θΣ + |8,Σ 〉 sin θΣ. (5)
To avoid redundant duplication, the domain of the mixing angles is restricted
in 0 ≤ θ < π/2, and we will find solutions for N1 and Σ1 lighter than N2 and
Σ2, respectively.
When we construct 10 and 8 from five quarks, the eigenvalues of the
strange quark (antiquark) number operator ns of nucleon states become gen-
erally fractional. However, in the scenario of the ideal mixing of Jaffe and
Wilczek, the physical states are given as
|N1 〉 =
√
2
3
|8, N 〉 −
√
1
3
|10, N 〉,
|N2 〉 =
√
2
3
|10, N 〉+
√
1
3
|8, N 〉,
such that 〈N1 |ns|N1 〉 = 0 and 〈N2 |ns|N2 〉 = 2. In this case, the mixing
angle is θN ∼ 35.2◦. In the Jaffe-Wilczek model, N(1440) and N(1710) are
assigned to N1 and N2, respectively. Notice that the separation of the ss¯
component in the ideal mixing is only meaningful for mixing between five-
quark states, while the number of quarks in the baryons is arbitrary in the
present general framework.
2.3 Mass spectrum
Let us start with the GMO mass formulae for 10 and 8 :
M(10;Y ) ≡ 〈10;Y |H|10;Y 〉 = M
10
− aY, (6)
M(8; I, Y ) ≡ 〈8; I, Y |H|8; I, Y 〉 =M8 − bY + c
[
I(I + 1)− 1
4
Y 2
]
, (7)
where Y and I are the hypercharge and the isospin of the state. Under
representation mixing as in Eqs. (4) and (5), the two nucleons (N8, N10) and
the two sigma states (Σ8,Σ10) mix, and their mass matrices are given by 2×2
matrices. The diagonal components are given by Eqs. (6) and (7), while the
off-diagonal elements are given as
〈8, N |H|10, N 〉 = 〈8,Σ |H|10,Σ 〉 ≡ δ.
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Table 2. Parameters for 1/2+ case. All values are listed in MeV except for the mixing
angles.
M8 M10 a b c δ θN θΣ
1600 1753.3 106.7 146.7 100.1 114.4 29.0◦ 50.8◦
The equivalence of the two off-diagonal elements can be verified when the
symmetry breaking term is given by λ8 due to a finite strange quark mass
26.
The physical states |Ni 〉 and |Σi 〉 diagonalize H. Therefore, we have the
relations
tan 2θN =
2δ
M
10
−M8 − a+ b − 12c
, tan 2θΣ =
2δ
M
10
−M8 − 2c .
Now we have the mass formulae for the states
MΘ =M10 − 2a,
MN1 =
(
M8 − b+ 1
2
c
)
cos2 θN + (M10 − a) sin2 θN − δ sin 2θN ,
MN2 =
(
M8 − b+ 1
2
c
)
sin2 θN + (M10 − a) cos2 θN + δ sin 2θN ,
MΣ1 =(M8 + 2c) cos
2 θΣ +M10 sin
2 θΣ − δ sin 2θΣ,
MΣ2 =(M8 + 2c) sin
2 θΣ +M10 cos
2 θΣ + δ sin 2θΣ,
MΛ =M8,
MΞ8 =M8 + b+
1
2
c,
MΞ
10
=M
10
+ a.
We have altogether six parametersM8,M10, a, b, c and δ to describe 8 masses.
Eliminating the mixing angles and δ, we obtain a relation independent of the
mixing angle26
2(MN1 +MN2 +MΞ8) = MΣ1 +MΣ2 + 3MΛ +MΘ.
Let us first examine the case of JP = 1/2+. Fixing Θ(1540), N1(1440),
N2(1710), Λ(1600), Σ1(1660), Ξ10(1860), we obtain the parameters as given
in Table 2. The resulting mass spectrum together with the two predicted
masses, Σ2 = 1894 MeV and Ξ8 = 1797 MeV, are given in Table 3 and also
shown in the left panel of Fig. 1. In Fig. 1, the spectra from experiment and
those before the representation mixing are also plotted.
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Table 3. Mass spectra for 1/2+ case. All values are listed in MeV. Values in parenthesis
(Σ2 and Ξ8) are predictions (those which are not used in the fitting).
Θ N1 N2 Σ1 Σ2 Λ Ξ8 Ξ10
1540 1440 1710 1660 [1894] 1600 [1797] 1860
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N(1710)
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N10
N(1520)
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Θ10 Θ(1540) Θ10
Θ(1540)
Ξ10
Ξ(1860)
Ξ10 Ξ(1860)
Σ10
Λ(1690)
Σ10
Σ(1660)
Σ8
Σ(1880)
Σ8
Σ(1670)
Λ8
Λ(1690)Λ8
Ξ8 Ξ(1820)
Ξ8
8 10 Theory Exp. 8 10 Theory Exp.
N1
N2
Θ
Ξ10
Σ1
Σ2
Λ
Ξ8
N1
N2
Θ
Ξ10
Σ1
Σ2
Λ
Ξ8
Figure 1. Results of mass spectra with representation mixing. Theoretical masses of the
octet, antidecuplet, and the one with mixing are compared with the experimental masses.
In the left panel, we show the results with JP = 1/2+, while the results with JP = 3/2−
are presented in the right panel.
As we see in Table 3 and Fig. 1, even without using the Σ2 for the fitting,
this state appears in the proper position to be assigned as Σ(1880). Taking
into account the experimental uncertainty in the masses, the present result can
be regarded as the same as that in Ref. 9, where all known resonances including
Σ(1660) and Σ(1880) are used to perform the χ2 fitting. In this scheme, we
need a new Ξ state around 1790-1800 MeV to complete the multiplet, but the
overall description of the mass spectrum is acceptable. Note that the mixing
9
Table 4. Parameters for 3/2− case. All values are listed in MeV except for the mixing
angles.
M8 M10 a b c δ θN θΣ
1690 1753.3 106.7 131.9 30.5 82.2 33.0◦ 44.6◦
angle θN ∼ 30◦ is compatible with the one of the ideal mixing, if we consider
the experimental uncertainty of masses.
It is interesting to observe that in the spectrum of the octet, as shown in
Fig. 1, the Ξ8 and the Σ8 are almost degenerate, reflecting the large value for
the parameter c ∼ 100 MeV, which is responsible for the splitting of Λ and
Σ. For the ground state octet, Eq. (7) is well satisfied with b = 139.3 MeV
and c = 40.2 MeV26. This point will be discussed later.
Now we examine the other cases of JP . For JP = 1/2−, as we observed in
the previous section, the pure 10 assignment works well for the mass spectrum,
which implies that the mixing with 8 is small, as long as we adopt N(1650)
and Σ(1750) in the multiplet. Then the results of 1/2− with the mixing do not
change from the previous results of the pure 10 assignment, which eventually
lead to a broad width of Θ+ → KN of order 100 MeV. Hence, it is not realistic
to assign 1/2−, even if we consider the representation mixing.
Next we consider the 3/2+ case. In this case candidate states are not
well established. Furthermore, the states are distributed in a wide energy
range, and sometimes it is not possible to assign these particles in the 8-10
representation scheme. Therefore, at this moment, it is not meaningful to
study the 3/2+ case unless more states with 3/2+ will be observed.
Now we look at the 3/2− case. In contrast to the 3/2+ case, there are
several well-established resonances. Following the same procedure as before,
we first choose the following six resonances as inputs: Θ(1540), N1(1700),
N2(1520), Σ(1670), Λ(1690), and Ξ3/2(1860). We then obtain the parameters
as given in Table 4, and predicted masses of other members are shown in
Table 5. The masses of N(1520) and N(1700) determine the mixing angle of
nucleons θN ∼ 33◦, which is close to the ideal one. Interestingly, the fitting
provides MΞ8 ∼ 1837 MeV, which is close to the known three-star resonance
Ξ(1820) of JP = 3/2−. We have obtained acceptable assignments, although
a new Σ state is necessary to complete the multiplet in both cases. The mass
spectrum is also shown in Fig. 1. We have also tried other possible assignments
in Ref. 1.
Let us briefly look at the octet and antidecuplet spectra of 1/2+ and 3/2−
resonances as shown in Fig. 1. The antidecuplet spectrum is simple, since the
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Table 5. Mass spectra for 3/2− case. All values are listed in MeV. Values in parenthesis
are predictions (those which are not used in the fitting).
Θ N1 N2 Σ1 Σ2 Λ Ξ8 Ξ10
1540 1520 1700 1670 [1834] 1690 [1837] 1860
GMO mass formula contains only one parameter which describes the size of
the splitting. Contrarily, the octet spectrum contains two parameters which
could reflect more information on different internal structure. As mentioned
before, in the octet spectrum of 1/2+, the mass of Σ8 is pushed up slightly
above Ξ8, significantly higher than Λ8. This pattern resembles the octet
spectrum which is obtained in the Jaffe-Wilczek model, where baryons are
made with two flavor 3¯ diquarks and one antiquark. In contrast, the spectrum
of the octet of 3/2− resembles the one of the ground state octet; we find the
parameters (b, c) = (131.9, 30.5) MeV, which are close to (b, c) = (139.3, 40.2)
MeV for the ground states. This is not far from the prediction of an additive
quark model of three valence quarks. It would be interesting to investigate
further the quark contents from such a different pattern of the mass spectrum.
2.4 Decay width
In the previous subsection, mass spectra of the JP = 1/2+ and JP = 3/2− are
reasonably well described. Here we study the consistency of the mixing angle
obtained from mass spectra with the one obtained from nucleon decay widths
for these two cases. Using Eq. (3), we define a universal coupling constant
g
10
as
gΘKN =
√
6gN
10
piN ≡ g10.
The coupling constants of the πN decay modes from the N8, N1, and N2 are
defined as gN8 , gN1, and gN2 , respectively. Under the representation mixing,
these constants are related to each other by
gN1 = gN8 cos θN −
g
10√
6
sin θN ,
gN2 =
g
10√
6
cos θN + gN8 sin θN ,
and the constants can be translated into the decay widths through Eq. (2).
Notice, however, that we cannot fix the relative phase between gN8 and g10.
Hence, there are two possibilities of mixing angles both of which reproduce
the same decay widths of N1 and N2.
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Table 6. Experimental data for the decay of N∗ resonances. We denote the total decay
width and partial decay width to the piN channel as Γtot and ΓpiN , respectively. Values in
parenthesis are the central values quoted in PDG28.
JP Resonance Γtot [MeV] Fraction (ΓpiN/Γtot)
1/2+ N(1440) 250-450 (350) 60-70 (65) %
N(1710) 50-250 (100) 10-20 (15) %
3/2− N(1520) 110-135 (120) 50-60 (55) %
N(1700) 50-150 (100) 5-15 (10) %
Table 7. Decay width of Θ+ determined from the nucleon decays and the mixing angle
obtained from the mass spectra. Phase 1 corresponds to the same signs of gN8 and g10,
while phase 2 corresponds to the opposite signs. All values are listed in MeV.
JP θN ΓΘ (Phase 1) ΓΘ (Phase 2)
1/2+ 29◦ (Mass) 29.1 103.3
3/2− 33◦ (Mass) 3.1 20.0
For JP = 1/2+ and 3/2−, we display the decay widths and branching
ratios to the πN channel of relevant nucleon resonances in Table 6. Using the
mixing angle determined from the mass spectrum and experimental informa-
tion of N∗ → πN decays, we obtain the decay width of the Θ+ as shown in
Table 7. Among the two values, the former corresponds to the same signs of
gN8 and g10 (phase 1), while the latter to the opposite signs (phase 2).
Let us adopt the narrower results of phase 1. For the 1/2+ case, the
width is about 30 MeV, which exceeds the upper bound of the experimentally
observed width. In contrast, the 3/2− case predicts much narrower width of
the order of a few MeV, which is compatible with the experimental upper
bound of the Θ+ width. Considering the agreement of mixing angles and the
relatively small uncertainties in the experimental decay widths, the results
with the 3/2− case are favorable in the present fitting analysis.
3 Two-meson coupling and reaction processes
We have performed a phenomenological analysis on the exotic particles using
flavor SU(3) symmetry. Let us briefly summarize what we have done. It
is found that the masses of Θ(1540) and Ξ3/2(1860) are well fitted into an
antidecuplet (10) representation which mixes with an octet (8), with known
baryon resonances of JP = 1/2+ or 3/2−. Under the representation mixing,
12
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Figure 2. Feynman diagram for the three-body decay of the N∗ resonance.
Table 8. Experimental information of two-pion decay of nucleon resonances. “Scalar” repre-
sents the mode pipi(I = 0, s wave)N and “Vector” means pipi(I = 1, p wave)N mode. Values
in parenthesis are averaged over the interval quoted in PDG28.
JP State Γtot [MeV] Scalar [%] Vector [%]
1/2+ N(1440) 350 5-10(7.5) <8
N(1710) 100 10-40(25) 5-25(15)
3/2− N(1520) 120 10-40(25) 15-25(20)
N(1700) 100 < 85-95 <35
the physical nucleon states are defined as Eq. (4). Two states N1 and N2
representN(1440) andN(1710) for the 1/2+ case, whileN(1520) andN(1700)
for the 3/2− case. The mixing angles θN are determined by experimental
spectra of known resonances as θN = 29
◦ for JP = 1/2+ and θN = 33◦ for
JP = 3/2−, as shown in Tables 2 and 4. Using these mixing angles and decay
widths of nucleon resonances (ΓN∗→piN ), we calculate the decay width of Θ
(ΓΘ→KN ) through the SU(3) relation between the coupling constants. Here
we examine the phenomenology of three-body decays, as shown in Fig. 2.
In Table 8, we show the experimental information of the decay pat-
tern of the nucleon resonances N∗ → ππN taken from PDG28. For con-
venience, we refer to ππ(I = 0, s wave)N and ππ(I = 1, p wave)N modes
as “scalar” (s) and “vector” (v), respectively. We adopt the total branching
ratio to ππN channel as the upper limit of the branch for ππ(I = 0)N state,
BRN(1700)→pipi(I=0)N < 85-95%, since there is no information for the scalar
decay of N(1700).
3.1 Effective interaction Lagrangians
Here we write down the effective Lagrangians that account for the relevant
interactions in the present analysis. We need two steps, namely, the extraction
of the 10 component from the N∗ → ππN decay and the extrapolation of that
term to the ΘπKN channel. Lagrangians for nucleons will be used for the
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former purpose; the Lagrangians for the antidecuplet will tell us the SU(3)
relation among different channels in the multiplet.
Using the partial decay widths of the two nucleon resonances Γs,vi , we de-
termine the absolute values of the coupling constants |gs,vi |, where superscripts
s and v stand for the scalar- and vector-type correlations of two mesons. From
them, we can obtain the antidecuplet and octet components of the N∗ππN
coupling constants as
gs,v(10) = −|gs,v1 | sin θN ± |gs,v2 | cos θN ,
gs,v(8) = |gs,v1 | cos θN ± |gs,v2 | sin θN ,
(8)
based on Eq. (4). Here we use θN obtained from the mass spectra. We
include experimental uncertainties of the N∗ decays, which will be reflected
in uncertainties of gs,v(10).
To write down the interaction Lagrangians, we adopt the following con-
ventions for the fields (nucleons N , nucleon resonances N∗, pions pi, octet
meson φ, octet baryon B and antidecuplet baryon P ) :
N =
(
p
n
)
, N∗i =
(
p∗i
n∗i
)
, pi =
(
π0
√
2π+√
2π− −π0
)
,
φ =


1√
2
π0 + 1√
6
η π+ K+
π− − 1√
2
π0 + 1√
6
η K0
K− K
0 − 2√
6
η

 ,
B =


1√
2
Σ0 + 1√
6
Λ Σ+ p
Σ− − 1√
2
Σ0 + 1√
6
Λ n
Ξ− Ξ0 − 2√
6
Λ

 ,
P 333 =
√
6Θ+
10
, P 133 =
√
2N0
10
, P 233 = −
√
2N+
10
,
P 113 =
√
2Σ−
10
, P 123 = −Σ0
10
, P 223 = −
√
2Σ+
10
,
P 111 =
√
6Ξ−−
10
, P 112 = −
√
2Ξ−
10
, P 122 =
√
2Ξ0
10
,
P 222 = −
√
6Ξ+
10
.
The interaction Lagrangians for nucleons with JP = 1/2+ are
Lsi =
gsi
2
√
2f
N
∗
ipi · piN + h.c.
Lvi =i
gvi
4
√
2f2
N
∗
i (pi · /∂pi − /∂pi · pi)N + h.c.,
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where f = 93 MeV is the pion decay constant, gs,vi are dimensionless coupling
constants, and h.c. stands for the hermitian conjugate. Subscript i = 1, 2
denotes the two nucleons N(1440) and N(1710), respectively. The interaction
Lagrangian for the antidecuplet can be written as
Ls1/2+ =
gs1/2+
2f
P ijkǫ
lmkφl
aφa
iBm
j + h.c.,
Lv1/2+ =i
gv1/2+
4f2
P ijkǫ
lmkγµ(∂µφl
aφa
i − φla∂µφai)Bmj + h.c.
with the coupling constants for the antidecuplet baryon gs1/2+ , g
v
1/2+ .
In the same way, the Lagrangians for the JP = 3/2− case can be writ-
ten. We express the spin 3/2 baryons as Rarita-Schwinger fields Bµ29. The
effective Lagrangians for nucleons are given by
Lsi = i
gsi
4
√
2f2
N
∗µ
i ∂µ(pi · pi)N + h.c.
Lvi = i
gvi
4
√
2f2
N
∗µ
i (pi · ∂µpi − ∂µpi · pi)N + h.c.
Here i = 1, 2 denotes the two nucleons N(1520) and N(1700), respectively.
The Lagrangians for the antidecuplet are constructed as a straightforward
extension of those for 1/2+ case:
Ls3/2− = i
gs3/2−
4f2
P
µ
ijkǫ
lmk∂µ(φl
aφa
i)Bm
j + h.c.
Lv3/2− = i
gv3/2−
4f2
P
µ
ijkǫ
lmk(∂µφl
aφa
i − φla∂µφai)Bmj + h.c.
3.2 Evaluation of the coupling constants
To study the coupling constants, let us start with the decay width of a reso-
nance into two mesons and one baryon, which is given by
ΓNpipi =
M
16π3
∫ ωmax
ωmin
dω
∫ ω′max
ω′
min
dω′ΣΣ|t(ω, ω′, a)|2Θ(1− a2),
with
ωmin =ω
′
min = m, ωmax = ω
′
max =
M2R −M2 − 2Mm
2MR
,
a =cos θ =
(MR − ω − ω′)2 −M2 − |k|2 − |k′|2
2|k||k′| ,
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Figure 3. Three-body decay of the N∗ resonance with insertion of the vector meson prop-
agator.
where we assign the momentum variables P = (MR,0), k = (ω,k), k
′ =
(ω′,k′), and p = (E,p) as in Fig. 2. MR, M , and m are the masses of
the resonance, baryon, and mesons, respectively, and θ is the angle between
the momenta k and k′. The on-shell energies of particles are given by ω =√
m2 + k2, ω′ =
√
m2 + (k′)2, and E =
√
M2 + p2; Θ denotes the step
function; and ΣΣ stands for the spin sum of the fermion states.
In the following, we evaluate the squared amplitude ΣΣ|t(ω, ω′, cos θ)|2 for
the N∗ → ππN decay in the nonrelativistic approximation. For JP = 1/2+,
ΣΣ|ts1/2+ |2 =3
(
gs1/2+
2f
)2
E +M
2M
.
ΣΣ|tv1/2+ |2 =6
(
gv1/2+
4f2
)2
1
2M
{
(E +M)(ω − ω′)2 + 2(|k|2 − |k′|2)(ω − ω′)
+ (E −M)(k − k′)2
}
×
∣∣∣∣∣
−m2ρ
s′ −m2ρ + imρΓ(s′)
∣∣∣∣∣
2
.
For the vector-type coupling, we have inserted the vector meson propagator
to account for the ρ meson correlation13, as shown in Fig. 3. mρ is the mass
of ρ meson, s′ = (k + k′)2. Γ(s′) is the energy-dependent width given by
Γ(s′) = Γρ ×
(
pcm(s
′)
pcm(m2ρ)
)3
,
where pcm(s
′) is the relative three-momentum of the final two particles in the
ρ rest frame. For JP = 3/2−, we have
ΣΣ|ts3/2− |2 =
(
gs3/2−
4f2
)2
(k + k′)2
E +M
2M
,
ΣΣ|tv3/2− |2 =2
(
gv3/2−
4f2
)2
(k − k′)2E +M
2M
∣∣∣∣∣
−m2ρ
s′ −m2ρ + imρΓ(s′)
∣∣∣∣∣
2
.
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Figure 4. Numerical results for the coupling constants with JP = 1/2+ (Left two panels)
and with 3/2− (Right two panels). The two choices of the relative phase between coupling
constants are marked as “phase 1” and “phase 2”. Allowed regions of the coupling constants
are shown by the vertical bar. Horizontal bars represent the results obtained with the
averaged values, which are absent for the vector case. Horizontal dashed lines show the
upper limits of the coupling constants derived from the self-energy |ReΣ| < 200 MeV.
Now we evaluate the coupling constants numerically. Using the averaged
values in Table 8, we obtain the coupling constants gsi and g
v
i for these chan-
nels. By substituting them into Eq. (8) (but suppressing the label 10 for
simplicity), the antidecuplet components are extracted as
|gs1/2+ | = 0.47, 3.68, (9)
where two values correspond to the results with different relative phases be-
tween the two coupling constants. When we take into account the experimen-
tal uncertainties in branching ratio, the antidecuplet components can vary
within the following ranges:
0 < |gs1/2+ | < 1.37, 0 < |gv1/2+ | < 2.14,
2.72 < |gs1/2+ | < 4.42,
including the two cases of different phase. These uncertainties are also shown
by the vertical bars in Fig. 4, with the horizontal bars being the result with
the averaged value in Eq. (9).
Let us consider phenomenological implications of this result. In Ref. 13,
we evaluated the self-energy of the baryon antidecuplet due to two-meson
coupling. The coupling constants was derived by assuming that the Θ+ be-
longs to a pure antidecuplet together with N(1710), where we determined
|gs1/2+ | = 1.88 and |gv1/2+ | = 0.315. In the calculation of the self-energy of
Θ+, the effect of the mixing only changes the coupling constants, by neglect-
ing the small contribution from L27. In this case, the Θ+ self-energy with the
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new coupling constants can be obtained by simple rescaling. Using the values
of Eq. (9), we estimate
ΣsΘ+ = −287, −4.7 MeV, 0 > ΣvΘ+ > −770 MeV.
The sum of these values are the contribution to the self-energy of Θ+ from
the two-meson cloud. Naively, we expect that it should be of the order of
100 MeV, at most ∼20% of the total energy13. From this consideration, we
adopt the condition that the magnitude of one of the contributions should not
exceed 200 MeV: |ReΣΘ+ | < 200. This condition is satisfied when
|gs1/2+ | < 3.07, |gv1/2+ | < 1.05. (10)
Therefore, we can exclude the choice of “phase 2” in left two panels in Fig. 4.
The limit for |gv1/2+ | is compatible with Eq. (9), although the self-energy
argument gives a more stringent constraint. These upper limits are also shown
in Fig. 4 by the dashed lines.
Now we consider the JP = 3/2− case. Using the central values in Ta-
ble 8, we obtain the coupling constants gsi and g
v
i for these channels. In this
case, with the same reason as in the vector coupling for the 1/2+ case, the
central value cannot be determined. Experimental uncertainties allows the
antidecuplet components to vary within the following ranges:
0 < |gs3/2− | < 4.68, 0.25 < |gv3/2− | < 0.94,
including the two cases of different phase. The results are shown by the
vertical bars in right two panels of Fig. 4.
We can also estimate the magnitude of the self-energy, by substituting
the squared amplitudes for 3/2− case in the formulas of the self-energy shown
in Ref. 13. For instance, we estimate the real part of the self-energy as −1518
MeV for an initial energy of 1540-1700 MeV and a cutoff of 700-800 MeV for
|gs3/2− | = 4.17. The huge self-energy is due to the p-wave nature of the two-
meson coupling. In this way, to have some reasonable values for the self-energy
|ReΣΘ+ | < 200 MeV,
|gs3/2− | < 1.51, |gv3/2− | < 0.76.
Both upper limits are indicated by horizontal dashed lines in the right two
panels in Fig. 4.
3.3 Analysis of the meson-induced reactions
As an application of effective Lagrangians, we calculate the reaction pro-
cesses π−p→ K−Θ+ and K+p→ π+Θ+ via tree-level diagrams as shown in
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Fig. 5. These are alternative reactions to, for instance, photo-induced reac-
tions, which are useful for further study of the Θ+. The amplitudes for these
reactions are given by
−its1/2+(π−p→ K−Θ+) =− its1/2+(K+p→ π+Θ+)
=i
gs1/2+
2f
(−
√
6)NΘ+Np, (11)
−itv1/2+(π−p→ K−Θ+) =itv1/2+(K+p→ π+Θ+)
=i
gv1/2+
4f2
(−
√
6)(2
√
s−MΘ −Mp)NΘ+NpF (k − k′)
(12)
for the 1/2+ case and by
−its3/2−(π−p→ K−Θ+) =− its3/2−(K+p→ π+Θ+)
=i
gs3/2−
4f2
(−
√
6)(k − k′) · S†NΘ+Np,
−itv3/2−(π−p→ K−Θ+) =itv3/2−(K+p→ π+Θ+)
=− i
gv3/2−
4f2
(−
√
6)(k + k′) · S†NΘ+NpF (k − k′)
(13)
for the 3/2− case, where the normalization factor is Ni =
√
(Ei +Mi)/2Mi,
S is the spin transition operator,
√
s is the initial energy, and k and k′ are the
momenta of the incoming and outgoing mesons, respectively. Here we define
the vector meson propagator (Fig. 5, right) as
F (k − k′) = −m
2
K∗
(k − k′)2 −m2K∗ + imK∗Γ[(k − k′)2]
, (14)
which is included in the vector-type amplitude. In the kinematical region
in which we are interested, the momentum-dependent decay width of K∗,
Γ[(k − k′)2] vanishes.
Since the two amplitudes must be summed coherently, the squared am-
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Figure 5. Feynman diagrams for the meson-induced reactions for Θ+ production. Right :
pi−p→ K−Θ+ reaction. Center : K+p→ pi+Θ+ reaction. Left : pi−p→ K−Θ+ reaction
with a vector meson propagator.
plitudes are given by
ΣΣ|t1/2+ |2 =6
(
1
2f
)2
N2Θ+N
2
p
[
(gs1/2+)
2
± 2gs1/2+gv1/2+
2
√
s−MΘ −Mp
2f
F (k − k′)
+ (gv1/2+)
2 (2
√
s−MΘ −Mp)2
4f2
F 2(k − k′)
]
, (15)
ΣΣ|t3/2− |2 =4
(
1
4f2
)2
N2Θ+N
2
p
[
(gs3/2−)
2(k − k′)2
∓ 2gs3/2−gv3/2−(|k|2 − |k′|2)F (k − k′)
+ (gv3/2−)
2(k + k′)2F 2(k − k′)
]
,
where ± and ∓ signs denote the π−p → K−Θ+ and K+p → π+Θ+ reac-
tions, respectively. Notice that the relative phase between the two coupling
constants is important, which affects the interference term of the two ampli-
tudes. To determine the phase, we use the experimental information from
π−p → K−Θ+ reaction at KEK31,24, where the upper limit of the cross sec-
tion has been extracted to be a few µb.
The differential cross section for these reactions is given by
dσ
d cos θ
(
√
s, cos θ) =
1
4πs
|k′|
|k|MpMΘ
1
2
ΣΣ|t(√s, cos θ)|2,
which is evaluated in the center-of-mass frame. The total cross section can be
obtained by integrating this over cos θ.
3.4 Qualitative features of the cross sections
Now let us calculate the cross section using the coupling constants obtained
previously. Here we focus on the qualitative difference between JP = 1/2+
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Figure 6. Total cross sections for the JP = 1/2+ case with gs = 0.47 and gv = 0.47 (Left
two panels) and with gv = −0.47 (Right two panels). The thick line shows the result with
full amplitude. Dash-dotted and dashed lines are the contributions from s and v terms,
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and 3/2− cases. We first calculate for the 1/2+ case, with coupling constants
gs1/2+ = 0.47, g
v
1/2+ = 0.47, (16)
where gs1/2+ is one of the solutions that satisfies the condition (10). Since the
result for gv1/2+ spreads over a wide range, we choose g
v
1/2+ = g
s
1/2+ , which
is well within the allowed region determined from the self-energy. The result
is shown in the left two panels in Fig. 6, with individual contributions from
s and v terms. As we see, the use of the same coupling constant for both
terms results in the dominance of the vector term. However, there is a sizable
interference effect between s and v terms, although the contribution from the
s term itself is small. The two amplitudes interfere constructively for the
π−p→ K−Θ+ channel, whereas in the K+p→ π+Θ+ case they destructively
interfere.
As already mentioned, the relative phase of the two coupling constants is
not determined. If we change the sign,
gs1/2+ = 0.47, g
v
1/2+ = −0.47, (17)
then the results change as in the right two panels in Fig. 6, where constructive
and destructive interference appears in an opposite manner.
There is an experimental result from KEK24 that the cross section of
π−p → K−Θ+ was found to be very small, of the order of a few µb. This is
an order smaller than the typical background processes of this energy, which
are of the order of 30 µb24. At this stage, we do not want to calculate the cross
section quantitatively, but the experimental result suggests that the choice of
Eq. (17) should be plausible, for the small cross section of the π−p→ K−Θ+
reaction. In this case, the cross section for K+p→ π+Θ+ becomes large.
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As a trial, let us search for the set of coupling constants with which
the most destructive interference takes place in π−p → K−Θ+, by changing
gv1/2+ within the allowed region. This means that the difference between cross
sections of π−p→ K−Θ+ and K+p→ π+Θ+ is maximal. Then we find
gs1/2+ = 0.47, g
v
1/2+ = −0.08. (18)
The result is shown in left two panels in Fig. 7. A huge difference between
π−p → K−Θ+ and K+p → π+Θ+ can be seen. In this case, we observe the
ratio of cross sections
σ(K+p→ π+Θ+)
σ(π−p→ K−Θ+) ∼ 50,
where we estimated the cross section σ as the average of the cross section
shown in the figures (from threshold to 2.6 GeV). Notice that the ratio of
the coupling constants gs1/2+/g
v
1/2+ ∼ −5.9 is relevant for the interference
effect. It is possible to scale both coupling constants within experimental
uncertainties. This does not change the ratio of cross sections, but it does
change the absolute values.
Next we examine the case with JP = 3/2−. Again, we observe construc-
tive and destructive interferences, depending on the relative sign of the two
amplitudes. The interference effect is prominent around the energy region
close to the threshold but is not very strong in the higher energy region, com-
pared with 1/2+ case. We search for the coupling constants with which the
most destructive interference takes place for π−p→ K−Θ+. We find that de-
structive interference is maximized when the ratio of the coupling constants
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is gs3/2−/g
v
3/2− ∼ 0.5. Taking, for instance, the values
gs3/2− = 0.2, g
v
3/2− = 0.4, (19)
which are within the experimental bounds, we obtain the results shown in
right two panels in Fig. 7. In contrast to the JP = 1/2+ case, here the ratio
of cross section is not very large:
σ(K+p→ π+Θ+)
σ(π−p→ K−Θ+) ∼ 3.3.
The high-energy behavior in this case is understood from the p-wave nature
of the coupling.
3.5 Quantitative analysis
Here we consider the reaction mechanism in detail to provide a more quanti-
tative result. First we introduce a hadronic form factor at the vertices, which
accounts for the energy dependence of the coupling constants. Physically, it
is understood as the reflection of the finite size of the hadrons. In practice,
however, the introduction of the form factor has some ambiguities in its form
and the cutoff parameters30.
In Ref. 23, the π−p→ K−Θ+ reaction is studied with a three-dimensional
monopole-type form factor
F (
√
s) =
Λ2
Λ2 + q2
, (20)
where q2 = λ(s,M2N ,m
2
in)/4s with min being the mass of the incoming meson
and Λ = 0.5 GeV. Here we adopt this form factor and apply it to the present
process. We obtain the results for JP = 1/2+ and for JP = 3/2− in left two
panels and right two panels in Fig. 8, with the coupling constants given in
Eqs. (18) and (19).
We observe that the cross section is suppressed down to ∼ 1µb for the
π−p→ K−Θ+ reaction in the 1/2+ case. However, this is also a consequence
of our choice of small coupling constants. Indeed, with these coupling con-
stants, the self-energy of Θ+ becomes
ReΣ
1/2+
Θ+ = ReΣ
s
Θ+ +ReΣ
v
Θ+ ∼ −5.3− 1.6 = −6.9 MeV,
for p0 = 1700 MeV and a cutoff 750 MeV. This is too small, but as we
mentioned before, we can scale these constants without changing the ratio of
K+p→ π+Θ+ and π−p → K−Θ+. We would like to search for the coupling
constants which provide a small cross section for π−p → K−Θ+ reaction
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compatible with experiment and a moderate amount of self-energy, which
guarantee the dominance of the two-meson coupling terms compared with the
KNΘ+ vertex.
In Fig. 9, we plot the cross section of π−p → K−Θ+ reaction and the
self-energy of Θ+ by fixing the ratio of coupling constants. The cross section
is the value at
√
s = 2124 MeV, which corresponds to the KEK experiment
Plab ∼ 1920 MeV. The horizontal axis denotes the factor F , which is defined
by
gs1/2+ = F × 0.47, gv1/2+ = −F × 0.08. (21)
We use F = 1 for the calculation of Fig. 8. Both the cross section and self-
energy are proportional to the square of the coupling constant. By vertical
bars, we indicate the points where
• cross section ∼ 4.1µba estimated by KEK experiment31,24
• upper limit of gs1/2+
• ReΣΘ = −100 MeV
For the JP = 3/2− case, with gs3/2− = 0.2 and g
v
3/2− = 0.4, the self-energy
of Θ+ becomes
ReΣ
3/2−
Θ+ = ReΣ
s
Θ+ +ReΣ
v
Θ+ ∼ −4− 80 = −84 MeV.
In Fig. 9, we plot the cross section of the π−p → K−Θ+ reaction and the
self-energy of Θ+ by fixing the ratio of coupling constants. The horizontal
aHere we use the preliminary value 4.1µb reported in Ref. 31, which has been later corrected
as 3.9µb 24. Qualitative conclusions remain unchanged for the upper limit of 3.9 µb.
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Figure 9. The total cross section of pi−p → K−Θ+ at Plab = 1920 MeV and the real
part of the self-energy of Θ+ as functions of the factor F defined in Eqs. (21) and (22) for
JP = 1/2+ (left) and JP = 3/2− (right). Solid, dashed and dash-dotted vertical lines show
the upper limit of cross section given by the KEK experiment31,24 , the limit of coupling
constant, and the point where ReΣ = −100 MeV.
axis denotes the factor F , which is defined by
gs1/2+ = F × 0.2, gv1/2+ = F × 0.4. (22)
As in the same way, we indicate
• cross section ∼ 4.1µb
• lower limit of gv3/2−
• ReΣΘ = −100 MeV
These results, as well as the corresponding cross section for the K+p→ π+Θ+
reaction are summarized in Table 9.
In Ref. 2, we have calculated the angler dependence of the differential
cross sections at the energy of KEK experiment: Plab ∼ 1920 MeV for π−p→
K−Θ+ and Plab ∼ 1200 MeV for K+p → π+Θ+. The cross sections show
forward peaking behavior, although the dependence is not very strong.
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Table 9. Summary of the coupling constants, cross sections and self-energies. σpi− is the
total cross section for pi−p → K−Θ+ are the values at Plab = 1920 MeV; σK+ is that for
K+p→ pi+Θ+, which is the upper limit of the cross section at Plab = 1200 MeV.
JP gs gv σpi− [µb] σK+ [µb] ReΣΘ [MeV]
1/2+ 1.59 −0.27 4.1 <1928 −78
1.37 −0.23 3.2 <1415 −58
1.80 −0.31 5.0 <2506 −100
3/2− 0.104 0.209 4.1 < 113 −23
0.125 0.25 5.9 < 162 −32
0.22 0.44 18 < 502 −100
Finally, we would like to briefly discuss the possible effect from the Born
terms. There are reasons that the Born terms are not important in the present
reactions. First, the cross sections of the Born terms are proportional to the
decay width of Θ+ and therefore suppressed if the decay width of the Θ+ is
narrow. Second, in the energy region of Θ+ production, the energy denomi-
nator of the exchanged nucleon suppresses the contribution, especially for the
s-channel term in the π−p → K−Θ+ reaction. Indeed, as demonstrated ex-
plicitly in Ref. 2, the effect of Born term is small enough to be neglected, for
the amplitudes of the two-meson couplings studied here. However, if the ex-
perimental cross section for K+p→ π+Θ+ is much smaller than we expected,
the smaller coupling constants for the two-meson coupling are required. In
such a case, we should consider the Born terms and interference effects more
seriously.
4 Summary
We have studied masses and decay widths of the baryons belonging to the
octet (8) and antidecuplet (10) based on the flavor SU(3) symmetry. As
pointed out previously8,9,10, we confirmed again the inconsistency between
the mass spectrum and decay widths of flavor partners in the 8-10 mixing
scenario with JP = 1/2+. However, the assignment of JP = 3/2− particles in
the mixing scenario well reproduces the mass spectrum as well as the decay
widths of Θ(1540), N(1520), andN(1700). Assignment of 3/2− predicts a new
Σ state at around 1840 MeV, and the nucleon mixing angle is close to the one
of ideal mixing. The 1/2− assignment is not realistic since the widths are too
large for Θ+. In order to investigate the 3/2+ case, better experimental data
of the resonances is needed.
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The assignment of JP = 3/2− for exotic baryons seems reasonable also
in a quark model especially when the narrow width of the Θ+ is to be
explained32. The (0s)5 configuration for the 3/2− Θ+ is dominated by the
K∗N configuration33, which however cannot be the decay channel, since the
total masses of K∗ and N is higher than the mass of Θ+. Hence we expect
naturally (in addition to a naive suppression mechanism due to the d-wave
KN decay) a strong suppression of the decay of the Θ+.
The 3/2− resonances of nonexotic quantum numbers have been also stud-
ied in various models of hadrons. A conventional quark model description
with a 1p excitation of a single quark orbit has been successful qualitatively34.
Such three-quark states can couple with meson-baryon states which could be
a source for the five- (or more-) quark content of the resonance. In the chiral
unitary approach, 3/2− states are generated by s-wave scattering states of an
octet meson and a decuplet baryon35,36. By construction, the resulting res-
onances are largely dominated by five-quark content. These two approaches
generate octet baryons which will eventually mix with the antidecuplet part-
ners to generate the physical baryons. In other words, careful investigation
of the octet states before mixing will provide further information of the inner
structure of the resonances37.
In the present phenomenological study, we have found that JP = 3/2−
seems to fit the observed data. As we have known, other identifications have
been also discussed in the literature. It is therefore important to determine
the quantum numbers of Θ+ in experiments, not only for the exotic particles
but also for the baryon spectroscopy of nonexotic particles. Study of high
spin states in phenomenological models and calculations based on QCD are
strongly encouraged.
We then studied the two-meson couplings of Θ+ for JP = 1/2+ and 3/2−.
The effective interaction Lagrangians for the two-meson couplings were given,
and these coupling constants were determined based on the 8-10 representa-
tion mixing scheme, by using information of the N∗ → ππN decays. These
values were further constrained in order to provide appropriate size of the
self-energy of the Θ+. Finally, we have applied the effective interaction La-
grangians to the meson induced reactions π−p→ K−Θ+ and K+p→ π+Θ+.
We have found that there was an interference effect between the two
amplitudes of the scalar and vector types, which could help to explain the
very small cross section for the π−p → K−Θ+ reaction observed at KEK24.
In this case, reflecting the symmetry under exchange of two amplitudes, large
cross sections for K+p→ π+Θ+ reaction would be obtained as a consequence
of the interference. The interference occurs in both 1/2+ and 3/2− cases.
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In Table 9, we have summarized the results obtained in the present anal-
ysis. For a given set of coupling constants, the upper bound of the cross
sections of the K+p → π+Θ+ reactions were estimated by maximizing the
interference effect. We observed that large cross sections of the order of mil-
libarns for K+p→ π+Θ+ was obtained for the 1/2+ case, whereas the upper
limit of the cross section was not very large for 3/2− case. Therefore, if large
cross sections are observed in the K+p → π+Θ+ reaction, it would indicate
JP = 1/2+ for the Θ+.
For completeness, we would like to mention the case where the cross
sections for both π−p → K−Θ+ and K+p → π+Θ+ reactions are small. If
the cross section of K+p → π+Θ+ reaction is also small, it is not due to an
interference effect, since the interference effect results in relatively large cross
sections both for the two reactions. It could be explained by small coupling
constants. For the JP = 1/2+ case, both coupling constants can be zero
within the experimental uncertainties. However, for the 3/2− case, there is a
lower limit for the gv3/2− , which means that the lower limit is also imposed for
the cross sections. We search for the set of coupling constants that provide the
minimum value for the K+p→ π+Θ+ cross section, keeping a π−p→ K−Θ+
cross section to be less than 4.1µb. We obtain σK+p→pi+Θ+ ∼ 58µb with
gs3/2− = 0.04 and g
v
3/2− = 0.18. However, one should notice that the small
coupling constants do not guarantee the dominance of two-meson coupling,
and the Born terms and interference effect may play a role, which is beyond
our present scope.
The present analysis provides an extension of effective interactions ob-
tained in Ref. 12 with representation mixing and the JP = 3/2− case. It is
also interesting to apply the present extension to the study of the medium
effect of Θ+12 and the production of Θ+ hypernuclei38. From the experimen-
tal point of view, the cross section of K+p→ π+Θ+ reaction is of particular
importance to the present results. To perform a better analysis for the two-
meson coupling, more experimental data for three-body decays of nucleon
resonances are strongly desired.
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